An accurate iron loss estimation is necessary before manufacturing the filter inductors of the three-phase grid-connected converters. Besides the loss characteristics of the magnetic core, obtaining an accurate current flowing through the inductor is also very important in the iron loss estimation. In three-phase grid-connected converters, there are two current ripple periods with different magnitudes in one switching period, both of which can generate the iron loss in the converter. In this paper, a dual current-ripple envelopes (DCRE) method is proposed to accurately outline the two current ripples in each switching period. A novel iron loss estimation method is further presented based on the DCRE and the existing iron loss characteristics. Adopting the DCRE method, the influence of pulse width modulation (PWM) schemes, voltage levels, and the amplitude of output current, can be easily evaluated, which provides a satisfactory guidance to the design of the inductor. The effectiveness of the proposed DCRE and iron loss estimation method is verified by the numerical simulation and the experimental test on a three-phase grid-connected converter.
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I. INTRODUCTION
The three-phase two-level grid connected converters have been widely used in the reactive power compensation, the harmonic suppression, and the renewable power generation systems [1] , [2] . The filter inductor, as one of the most important components in the converter, should be carefully designed, since it can directly affect the control performance, efficiency, and power density. To optimize the design of the filter inductor, it is necessary to perform a characteristic evaluation of the inductor, e.g. on the inductor loss, which is crucial for the thermal optimization of the power converters [2] - [4] . The inductor loss mainly consists of two parts: the copper loss and the iron loss. The former one is associated with the shape and frequency of the current flowing through the inductor, which has been analyzed in detail in [5] - [8] and thus would not be discussed in this paper. The latter one, however, mainly contains hysteresis loss, eddy-current loss and excess loss, which are closely related to the core material, shape and manufacturing process as well [9] , [10] . Generally, the magnetic cores used for manufacturing the inductors are made of soft magnetic materials (e.g., the magnetic alloy powder cores [11] ), which have a low coercive force and can be easily magnetized and demagnetized. To further mitigate the eddy-current loss, the magnetic alloy can be smashed to powder and pressed with the insulating material, which forms the widely-adopted magnetic alloy powder cores.
In order to obtain the iron loss, several approaches have been developed, which can be grouped into three categories: the hysteresis models based on the hysteresis effects [12] - [15] , the empirical equation methods [16] - [22] , and the loss map based methods [23] , [24] . The empirical equation methods have been widely used to calculate the core loss for their simplicity and practicality.
The Steinmetz equation (SE), i.e., P = kf α B β , is a useful empirical tool to estimate the time-averaged iron loss P excited with a sinusoidal voltage in a limited range of frequency f and flux density B [16] , [17] . To realize the estimation of iron loss excited with the non-sinusoidal pulse voltage from the converter, various improved methods have been proposed, such as modified Steinmetz equation (MSE) [18] , [19] , generalized Steinmetz equation (GSE) [20] , improved generalized Steinmetz equation (IGSE) [21] , improved-improved generalized Steinmetz equation I 2 GSE [22] , and Steinmetz premagnetization graph (SPG) [9] . Different core manufactures provide different empirical equations based on SE [25] .
In addition to the iron-loss models or empirical equations mentioned above, an accurate waveform of the current flowing through the inductor is necessary to calculate the iron loss.
In the software provided by the manufacturer for calculating the iron loss, the amplitude of the current ripple is usually assumed to be a fixed value. The fixed ripple is substituted into the iron-loss model or empirical equation above. This method is more applicable to dc/dc converters, because the current ripple is the same in each period, as shown in Fig. 1(a) . However, for the single-phase dc/ac converters, the amplitude of current ripple is time-varying, as shown in Fig. 1(b) . Besides, the current ripple in the three-phase dc/ac converter is more complicated, since both the period and amplitude of the ripple are time-variant, as shown in Fig. 1(c) . It will cause significant errors to calculate the iron loss of the inductor in the three-phase grid-connected inverter with fixed current ripple [25] .
Numerous studies have been carried out to evaluate the current ripple in three-phase converter [26] - [30] . The current ripple of sinusoidal pulse width modulation (SPWM) was analyzed and the maximum current ripple was used to design the inductor and optimize the control performance in [26] . In [27] , the current ripple of a three-phase converter with the space vector pulse width modulation (SVPWM) and the discontinuous pulse width modulation (DPWM) was investigated by analyzing eight different Thevenin equivalent circuits, and the peak and the Root Mean Square (RMS) values of the ripple were calculated by the current-ripple slope and effective time. In [28] , the stator flux ripple over a switching period was investigated in the dq synchronous rotating reference frame, based on which the RMS value of current ripple in dq form was then calculated to optimize the switching sequence. The distribution of the peakto-peak current ripple over a fundamental period was studied in the stationary reference frame in [29] , [30] . And it was found that the peak-to-peak current ripple amplitude can be analytically determined as a function of the modulation index.
Generally, for the widely used three-phase PWM converters, there are usually two ripple periods with different amplitudes in one switching period. And the one with small amplitude is usually ignored for simplification [8] , [26] - [30] . However, both the large and small current ripples can generate iron losses. Hence, a dual current-ripple envelopes (DCRE) method is proposed in this paper to accurately outline the two current ripples in each switching period. Then, a novel iron loss estimation method is further presented based on the DCRE and the existing iron loss characteristics. The proposed method can easily reflect the influence of PWM schemes, voltage levels, and the amplitude of output current on iron loss, which provides a satisfactory guidance to the design of the inductor.
The following part of this paper is organized as follows. Section II analyzes the inductor current ripple based on the SVPWM schemes, and the DCRE method is proposed. Then the iron loss estimation approach is proposed based on the DCRE with its measurement method illuminated in Section III. The effectiveness of the proposed method is then validated through simulations and experiments in Section IV before concluding the findings in Section V. Fig. 2 shows the topology of a typical three-phase two-level grid-connected converter. Defining S j (j = a, b, c) as the state of the three bridge arms and each arm thus has two switching states. When S j equals to 1, the upper power device is turned on and the lower one is turned off; otherwise, when S j equals to 0, the power devices are in the opposite states. The three-phase arms are mutually independent, generating eight voltage space vectors in the two-phase stationary αβ frame, i.e., six nonzero vectors (V 1 to V 6 ) and two zero vectors (V 0 and V 7 ) as shown in Fig. 3 [31] .
II. ANALYSIS OF THE CURRENT RIPPLE A. GENERALIZED MODEL FOR SVPWM
According to the principle of SVPWM, V ref can be synthesized approximately by two adjacent nonzero vectors and two zero vectors. The unified expression of the dwell time of nonzero vectors can be given as (1), where T s is the switching period; v α and v β are the αand βcomponents of V ref , respectively; X , Y , and Z are the unified intermediate variables and the dwell time in each vector is listed in Table 1 .
In Table 1 , T x and T y represent the dwell time of the first and second nonzero vector applied in one switching period, respectively. And T z is the total dwell time of the two zero vectors. Since the difference among various PWM schemes lies in the distribution of the dwell time of zero vectors [32] , a distribution factor k(0 ≤ k ≤ 1) is therefore introduced to unify the expression of the dwell time of zero vectors, which can be given by
where T z0 and T z7 are defined as the dwell time of the nonzero vectors V 0 and V 7 , respectively. When k equals to 0.5, the dwell time of V 0 and V 7 is equally divided, which agrees with the modulation mechanism of the conventional SVPWM; when k equals to one or zero, i.e., only one zero vector V 0 or V 7 is applied, which is the so-called DPWM. Therefore, the unified expressions of dwell time in (1) and (2) can be taken as a generalized model to distinguish various PWM schemes. 
Neglecting internal resistance of the inductor, (3) can thus be simplified as
According to the modulation schemes, the corresponding PWM voltage pulses can be obtained once V ref is determined. Under the combined effect of the PWM voltage and the grid voltage, the output AC current i g is thus generated, as the abridged view shown in Fig. 5 . Obviously, i g contains both the fundamental component i gf and the high-frequency harmonic components i gh . And the current ripple can be thought of as the sum of these high-frequency harmonics. According to the equivalent circuit in Fig. 6 , the inductor current i g , the fundamental component i gf , and the harmonic component i gh can be given by
Based on (5), i gh can be further derived as
According to Fig. 4, (6) can be transformed as
where V xα denotes the projection value of eight voltage vectors on the real axis; T denotes the dwell time of the voltage vectors. By superimposing each calculated i in one fundamental period, the output current will only contain the harmonic components (i.e., current ripple, denoted as i out1 ). If the item ωLi gf β in (7) is ignored, (8) can be obtained.
By superimposing each calculated i in the fundamental period, the output current, denoted as i out2 , contains not only the harmonic components but also the fundamental one. The difference between i out1 and i out2 lies in the fundamental component. If the voltage drop across the inductor is not taken into account in the derivation of V ref , there will be a phase error δ = θ − γ in the reference voltage as shown in Fig. 4 , and so is the output current. Fig. 7 briefly presents the relation between the PWM voltage pulses and the ideal grid voltage. It can be seen that the distribution of the voltage is symmetrical about the axes of θ = 0 • and θ = 180 • , i.e., the α-axis in Fig. 3 . Therefore, it is only necessary to study the ripples of Sector I to III. In addition, according to the relation between the grid voltage and the dc voltage, there are two cases in each Sector, i.e., Taking the conventional SVPWM [31] as an example, Fig. 8 presents the relation among PWM voltage, grid voltage and current ripple in Sectors I to III in detail. Fig. 8(a) to Fig. 8 (f) respectively correspond to the cases of (a)∼(f) in Fig. 7 . Since the switching frequency is much higher than the fundamental frequency, the grid voltage in one switching period can be regarded as a constant. The state of the power device and dwell time of each state are also annotated in Fig. 8 , where T 1 = T z0 /2, T 2 = T x /2, T 3 = T y /2,
C. ACQUISITION OF THE PROPOSED DCRE
It can be seen that there are two ripple components with different amplitudes in one switching period, both of which will generate iron loss. Therefore, according to the sign of each ripple segment, a dual current-ripple envelopes (DCRE) method is proposed herein to outline the peak values of the two ripple periods. The current ripple in each switching cycle is symmetrical to the center point of the period. Hence the amplitude of the two ripple periods can be obtained by analyzing the ripple in half of the switching period. The signs of i are listed in Table 2 , based on which the calculation rules of the ripple amplitudes can be further summarized, as shown in TABLE 3.
In the DPWM scheme, i 1 or i 4 equals to zero. In such condition, the ripple in half of the switching period only contains three segments, and the ripple amplitude can be generalized by two cases, e.g. the following two cases when i 1 = 0. i. When i 2 and i 4 have the same sign, i.e. i 2 × i 4 > 0, like case (c) and (f) in Table 2 , the remaining segment i 3 has the opposite sign. Thus, the large ripple comes from the larger value of | i 2 | and | i 4 |, and the small ripple is the smaller value of the two values. ii. When the sign of i 2 and i 4 has the opposite sign or one of them equals to zero, i.e. i 2 × i 4 ≤ 0, like case (a), (b), (d) and (e) in Table 2 , the remaining segment i 3 has the same sign with i 2 or i 4 . There is only one ripple period, the peak of which equals to the larger value of | i 2 | and | i 4 |.
In the conventional continuous SVPWM, considering i 1 × i 4 = 0, the ripple in half of the switching period contains four segments. And there will be three cases listed as follows.
iii. When i 1 and i 2 have the same sign, i.e., i 1 × i 2 > 0, like case (c) and (f) in Table 2 , i 1 and i 2 can be calculated as a whole as shown in Table 3 . Thus, the large ripple comes from the larger value of | i 1 + i 2 | and | i 4 |, and the small ripple is the smaller one of the two values. iv. When i 2 and i 3 have the same sign or one of them equals to zero, i.e., i 2 × i 3 ≥ 0, like case (b) and (e), i 1 and i 4 have the opposite sign to i 2 + i 3 . Thus, the large ripple comes from the larger value of | i 1 | and | i 4 |, and the small ripple is the smaller one of the two values. Since the value of i 1 and i 4 is determined by the distribution factor k, the ripple value can be written as the form shown in Table 3 . v. When i 3 and i 4 have the same sign, i.e., i 3 × i 4 > 0, like case (a) and (d), i 3 and i 4 can be calculated as a whole as shown in Table 3 . Thus, the large ripple comes from the larger value of | i 1 | and | i 3 + i 4 |, and the small ripple is the smaller one of the two values.
Through the above analysis, the amplitude of the two ripple periods can be calculated without any omissions and repetitions. As a result, the DCRE, outlining both the large and small ripple, is obtained, which can be easily realized by programming.
III. DCRE-BASED IRON LOSS ESTIMATION AND MEASUREMENT METHOD OF IRON LOSS A. DCRE-BASED IRON LOSS ESTIMATION
In Section II, the detailed information of the current ripple is obtained by introducing the DCRE. The iron loss will be calculated in this section by applying the DCRE to the empirical equation provided by the magnetic core vendor, as shown in (9) .
In (9), P loss denotes the iron loss in per unit mass; the first term denotes the hysteresis loss P h , while the eddy-current loss and the excess loss are combined as the second term P e ; k h , k e , a, and b are the measured coefficients of the inductor core, respectively; f is the frequency of the input sinusoidal current and B pk is the peak flux density [25] . Fig. 9 shows the B-H hysteresis loop in the first quadrant (i.e. curves f 1 and f 2 ) and the normal magnetization curve (i.e. curve f ). For the commonly used magnetic powder core, the hysteresis loop area is very thin, and curves f 1 and f 2 can be replaced by curve f in the calculation of iron loss. On the curve f , µ i is the initial permeability; µ 1 is the absolute permeability; µ 1 is the ratio of B to H in the case of dc bias. Both µ 1 and µ 1 can be expressed as a function of µ i , which are provided in the technical manual.
For dc/ac converters, the fundamental current can be considered as the dc offset component of the high frequency ripple current. Under the dc bias magnetization force H 1 , the inductance L can be written as
where N is the coil turns of the inductor; A e and l e are the cross-sectional area and length of the magnetic path. According to (8) , B and H can be expressed as where U = V xα − u gα . When the dc offset is small, it is considered that µ 1 is equal to µ 1 [33] . Then B can be written as
where L i is the initial inductance value, and L i = µ i N 2 A e /l e . Then, the peak flux density, B pk , can be written as
in which i pk represents the DCRE envelopes i pk_l and i pk_s . Based on the calculated DCRE, the flux density B pk_l and B pk_s can be derived by (13) . The high-frequency iron loss can be simply acquired by substituting the two envelopes of flux density and the switching frequency respectively into the empirical equation (9) . The peak flux density of the low-frequency fundamental current can be calculated according to the normal magnetization curves provided by the vendor. And the corresponding low-frequency iron loss can be calculated easily by substituting the peak flux density into (9). Fig. 9 illustrates the measurement method of the iron loss, which has been widely used in numerous literatures [18] , [19] , [21] - [23] . In the method, a sensor coil is added which can be regarded as a transformer, as shown in Fig. 10 . Fig. 10(a) presents an ideal winding form, where the sensor coil is winded separately with the primary coil. m is the main magnetic flux; 1σ and 2σ are the primary and secondary leakage magnetic flux; N 1 and N 2 are the winding turns of the primary and secondary coils. The equivalent circuit is shown in Fig. 10(b) , in which R 1 and R 2 are the equivalent winding resistances, X 1σ and X 2σ are the equivalent leakage fluxes, R m and X m are the excitation resistance and reactance, respectively. In this way, only the main magnetic flux is coupled to the sensor coil and the power loss on R m just represents the iron loss in the magnetic core. Since the sensor coil is open circuit, the excitation current i m is equal to the inductor current i 1 , and the voltage across R m and X m can be obtained by the turn ratio N 1 /N 2 , as described in (12) .
B. MEASUREMENT OF THE IRON LOSS
The iron loss P core can be obtained by integrating the product of i 1 and e 1 in one fundamental period, as shown in (15) . Note that the excitation reactance X m only produces the reactive power which will not affect the integral results.
The winding configuration in Fig. 10(a) presents an ideal winding state. However, in practical applications, it is difficult to separate two windings physically on an inductor. In this paper, the sensor winding is intensively winded on the upper layer of the primary winding and some leakage flux will be inevitably introduced in u 2 , as shown in Fig. 11(a) . Nevertheless, according to the equivalent circuit in Fig. 11(b) , the introduced mutual leakage flux 1σ _m can be equivalent to X 1σ _m . According to (15) , the existence of X 1σ _m just produces the instantaneous reactive power. Thus, the winding configuration in Fig. 11 (a) has no effect on the active power loss P core . 
IV. SIMULATION AND EXPERIMENTAL VERIFICATION A. SIMULATION RESULTS
In order to validate the correctness of the proposed current ripple calculating method, simulation test was firstly carried out. The parameters of the system are listed in Table 4 . Fig. 12 presents the comparison results between the simulation and the calculated envelopes with k = 0, 0.5, and 1, respectively. It should be noted that θ equals to 270 • at t = 0.38s. The blue curve sketches the amplitude of the small ripple in each switching period, while the red one sketches the amplitude of the large ripple. It can be seen from the zoomed-in ripples that the calculated DCRE matches well with the simulation results in various cases.
B. EXPERIMENTAL RESULTS
The experimental setup is shown in Fig. 13 . The LMG670 power analyzer of GMC INSTRUMENTS with 10MHz-bandwidth and 18-bits A/D converter is adopted to measure the iron loss and capture the experimental waveform. The converter is controlled by the TMS320F28335 DSP. The power source is supplied by a programmable Chroma DC source 62050H-600S. The parameters of the experimental system are listed in Table 5 .
The calculated DCRE and the experimental current are compared in Fig. 14, in which the current ripple is obtained by eliminating the low-frequency harmonics using the fast Fourier transformation and inverse fast Fourier transform (FFT-IFFT). Since the magnetic permeability decreases as the DC bias increases, the corresponding inductance will also decrease leading to the increasing current ripple. The calculated DCRE in Fig. 14 takes the change of magnetic permeability into account according to the characteristics provided by the manufacture. It can be seen that the experimental results are in good agreement with the calculated DCRE except a slight mismatch. And the mismatch is mainly impacted by some non-ideal condition, such as hardware design, grid voltage harmonics, and the control strategy. In order to verify the accuracy of the DCRE method, four cases are carried out as follows. Compared with case (a), only one variable is changed in cases (b), (c), and (d).
Case (a): Sendust cores (made from 6% Al, 9% Si, and 85% Fe) and the conventional SVPWM scheme are employed, and the DC bus voltage is 700V.
Case (b): The DC bus voltage is 650V to verify the accuracy of the proposed method with different voltages.
Case (c): The distribution factor k is set as zero in Sector I, III and V, and k equals 0.5 in Sector II, IV and VI.
Case (d): The Si-Fe alloy powder cores which are made from 6% Si and 94% Fe are employed.
The waveforms of case (a), captured by the power analyzer, are presented in Fig. 15 . The inductor current, the secondary winding voltage and the instantaneous iron loss are shown in Figs. 14 (a), (b) and (c), respectively. And the averaged iron loss can be obtained by averaging the instantaneous iron loss in one fundamental period.
The results of the measured and the estimated iron losses are presented in Table 6 and Fig. 16 . Note that the loss value estimated by fixed ripple is calculated with a magnitude of 15% fundamental current, using (10) and (9) (Method I). The percentage, 15%, is selected according to the maximum value of the current ripple. The large differences between the fixed ripple and the actual waveforms cause the positive errors. It can be seen that the iron losses estimated by Method I are almost twice more than the measured values. While the iron losses estimated by the proposed DCRE (Method II), as listed in Table 6 , are more accurate and closer to its measured value, with the maximum error below 20%. It can be seen that, the iron losses estimated by DCRE are a little smaller than measured iron losses. There are several reasons that may cause the errors.
On the one hand, there are some differences between the calculated current ripple envelopes and the actual current ripple as shown in Fig. 14. And the two adjacent segments of current ripple which have the same sign but different slopes, are deemed as a whole in the calculation of DCRE, leading to the incomplete portrayal of the current ripple.
On the other hand, the estimation method of the iron loss proposed in this paper is based on the existing loss calculation equation of the magnetic core. Thus, the estimated results are limited by the accuracy of the calculation equation. The inaccuracy of the inductor empirical equation mainly lies in two aspects. Firstly, the iron loss is relevant to the waveform of the inductor current. The empirical equation in (9) is obtained under the excitation of regular sinusoidal current, while the current in this study is irregular triangular wave. Secondly, the switching frequency of the system is used in the calculation process, which has some deviation from reciprocal values of the periods of the current ripples. In the future research, these detailed conditions will be further investigated.
V. CONCLUSION
An iron loss estimation method based on the DCRE has been investigated in this paper. By establishing a single-phase equivalent circuit, the current ripple has been analyzed in the stationary reference frame. And the DCRE, calculated according to the sign of the current ripple, is obtained with different PWM schemes. Then, the DCRE method is utilized to estimate the iron loss, which provides a convenient method to the estimation of the iron loss in the inductor design process. The proposed method relies on the existing empirical equation of iron loss, and the accuracy can be improved if more factors (e.g. waveform, dc bias, frequency, etc.) were considered in the adopted estimation equation.
